An arrayed waveguide grating (AWG) at 760 nm is demonstrated with an insertion loss smaller than 0.5 dB. Interface roughness and waveguide length errors contribute much more to scattering loss and phase errors at 760 nm than at longer wavelengths, thus requiring improved design and fabrication. This Letter details how this is achieved by minimizing interfacial scattering, grating side-order excitation, and phase errors in the AWG. With silicon nitride core and silicon dioxide clad waveguides on silicon, this AWG is compatible with heterogeneously integrated lasers for on-chip spectral beam combining.
Spectral beam combiners with heterogeneously integrated lasers would enable many applications in need of either high-power and broadband or coherent and multiplexed light sources [1, 2] . In particular, an integrated multi-spectral source near the visible is compelling for spectroscopy [3] or as a wavelength-division multiplexing (WDM) high brightness source for free-space communications [4] . An arrayed waveguide grating (AWG) can efficiently combine light sources of closely spaced wavelengths and is a key component for broadband spectral beam combiners [1] .
AWGs at visible wavelengths have yet to be demonstrated with less than 5.0 dB insertion loss [5, 6] . One demonstration at 890 nm shows 1.2 dB insertion loss [7] . However, even lower loss is desired for most applications, and more than 1 dB of loss is prohibitive for power scaling. The main challenges involved in making high-performance AWGs at visible wavelengths stem from interfacial scattering and phase errors due to waveguide length errors. The former is similar to Rayleigh scattering with a 1∕λ 4 dependence, and the latter scales with a 1∕λ dependence of the waveguide propagation constant. Many high-performance AWGs have previously been demonstrated in the near-infrared [8] [9] [10] , leveraging on significantly smaller interfacial scattering and phase errors, compared to visible AWGs. A low insertion loss AWG near visible must combine techniques to achieve stateof-the-art sidewall roughness and material absorption, low sideorder grating excitation at the input and output free propagation regions (FPRs), low loss from waveguide bends, and low phase errors in the arrayed waveguides.
Ultra-low-loss silicon nitride (Si 3 N 4 ) core and silicon dioxide (SiO 2 ) clad waveguides have been demonstrated by minimizing interfacial scattering loss [11] or minimizing material absorption [12] . In addition, phase errors due to grid snapping during the mask writing process, as shown in [13, 14] , can be reduced by using the smallest possible address unit. These two techniques previously demonstrated in AWG designs are used in this Letter. In addition, we use a new AWG design technique based on simulated waveguide modes and a numerical far-field calculation, instead of the Gaussian-shaped mode approximation that is usually used [15] . This provides an accurate model for the transmission spectra, including insertion loss and nonuniformity, while reducing the computation time. In addition, we incorporate adiabatic waveguide bend transitions so each arrayed waveguide can have identical bends without introducing loss due to mode mismatch between straight and curved sections. This prevents phase errors from varying bend modes between arrayed waveguides.
The challenges preventing previous demonstrations of near-visible AWGs from achieving low insertion loss have been addressed in this Letter by eliminating bend mode mismatch, using high aspect ratio waveguides, minimizing the mask address unit, and optimizing the fabrication process with photoresist re-flow to reduce interfacial roughness and high temperature baking to reduce hydrogen impurities. Using Si 3 N 4 core and SiO 2 clad waveguides on Si provides a suitable platform for this low-loss 760 nm AWG. It is compatible with heterogeneously integrated lasers [16] and, therefore, enables technologies that integrate lasers and spectral beam combiners at the near visible. In this Letter, we describe the AWG design and performance. In particular, an insertion loss smaller than 0.5 dB for the best channel case and a crosstalk below 23 dB are demonstrated.
This AWG is designed with a center wavelength of 760 nm and eight channels spectrally separated by 0.5 nm. The waveguide core geometry is 60 nm thick and 1.0 μm wide and laterally tapers to 1.6 μm width at the FPR interfaces. The Rowland radius is 180 μm. Forty-seven arrayed waveguides are separated by at least 3 μm in the array and 0.4 μm at the FPR interface. There are two identical bends for each arrayed waveguide to minimize phase errors from varying bend modes between waveguides, as shown in Fig. 1 . This configuration is typically avoided because two additional straight-to-bend junctions are necessary, compared to the configuration with a single bend in each arm [15] . However, the bends in our design feature tapered bend radii to minimize this junction loss. Each 90°bend is divided into 25 segments of varying radii to create an adiabatic transition between straight and curved sections of the waveguide, which have a minimum radius of 150 μm. The AWG is designed for TE polarization operation, which is compatible with integrated diode lasers, so TM polarized transmission is not investigated. The total footprint of the AWG is 2.8 mm 2 . Excitation of side-order grating modes in the FPRs is minimized by increasing the density of arrayed waveguides at the FPR interfaces and by decreasing the far-field divergence of each grating element [17] . We define the waveguide density as the center-to-center waveguide spacing. Two parameters affect this waveguide density. First, minimizing the waveguide separation while maintaining the waveguide width increases the density without affecting the far-field profile of the array if the waveguide mode is not significantly perturbed by the adjacent waveguides. However, the minimum waveguide separation is limited by fabrication processes. Second, decreasing the waveguide width while maintaining the waveguide separation increases the density, but also dictates the far-field profile. Figure 2 shows the simulated far-field divergence of the TE 00 waveguide mode into the FPR. It also shows the effective refractive indices for the first three TE modes. Increasing the waveguide width decreases the far-field divergence for widths greater than 0.8 μm, at the expense of waveguide density. It also begins to support higher-order TE modes which collect some of the light, introducing loss and phase errors. Narrowing the far-field divergence may reduce the side-order excitation and, consequently, the center-channel insertion loss, but it also increases the nonuniformity. The fabricated design we demonstrate here uses 1.6 μm wide waveguides at the FPR interface to compromise these loss mechanisms. Future work is planned to develop a technique to quantify these loss contributions and optimize the waveguide width and height.
Phase errors in the AWG can be reduced by using the smallest possible address unit and minimizing the interfacial scattering, especially from the waveguide sidewall. This can also be achieved by designing the waveguides with a small value for ∂β∕∂w, where β is the waveguide propagation constant and w is the waveguide width [18] . For this design, a 5 nm address unit is used. However, a smaller address unit is desired, if possible, but this was the smallest address unit available to us. From Fig. 2 , ∂β∕∂w is determined to be 0.3 rad∕μm 2 for the fundamental TE 00 mode of a 1.0 μm wide and 60 nm thick arrayed waveguide. Scattering loss is minimized by optimizing the lithography and etching processes to reduce the waveguide's sidewall roughness and by maximizing the waveguide width-to-height ratio for a desired minimum bend radius, as discussed in [11] .
Fabrication begins with 100 mm Si wafers and growing 2 μm of thermal SiO 2 . Sixty nm of Si 3 N 4 are deposited on both sides of the wafer by low-pressure chemical vapor deposition (LPCVD). Deep UV lithography with Shipley AR2 antireflectant and MicroChem UV6 photoresist defines the AWG pattern. After developing the resist, it is re-flowed at 135°C for 30 s to create a smooth pattern for etching the waveguides with CF 4 ∕CHF 3 ∕O 2 inductively coupled plasma (ICP). A 2 μm thick SiO 2 top cladding is deposited with plasma enhanced chemical vapor deposition (PECVD). The wafer is then diced, and the facets are mechanically polished.
The waveguide sidewall and surface roughness are measured with an atomic force microscope (AFM) before the top oxide deposition, as shown in Fig. 3 . The sidewall roughness is assumed to be nonisotropic, with a correlated roughness in the direction of the etch [18] , while the surface roughness is isotropic, as expected. By measuring the sidewall position deviation and the height deviation at the center of the waveguide, two onedimensional (1D) scans are generated to calculate the sidewall and top surface roughness parameters. The auto-covariance function is applied to each scan, and an exponential fit [19] is used to calculate the standard deviations σ side 1.4 nm and σ surface 0.7 nm and correlation lengths L c;side 51.0 nm and L c;surface 89.7 nm. Figures 3(a) and 3(b) show the AFM scans of the waveguide sidewall and top surface. Figures 3(c) and 3(d) show the corresponding 1D scan data and auto-covariance functions of the scans with exponential fits.
To ensure low insertion loss, total propagation loss is estimated by calculating the bend mode radiation and interfacial scattering as a function of curvature, corresponding to each 90°b end of the arrayed waveguides. Bend modes and radiation losses are calculated with FIMMWAVE [20] , and the interfacial scattering losses are calculated as in [19, 21] , using the measured It is reported in [12] that the dominating absorption loss mechanism is due to bond resonances from hydrogen impurities. In that report, the measured absorption resonances near 1540 nm are second-order resonances, so the first-order resonances are expected to occur near 770 nm. We do not have a method to measure the first-order bond resonance absorption peaks directly. Regardless, the fabrication process for this AWG is designed to reduce hydrogen impurities by baking the wafers at 1050°C for 10 h before and after the top SiO 2 deposition. Therefore, since absorption loss is not included, the combined bend radiation and interfacial scattering loss of 21 dB/m in Fig. 4 predicts the minimum limit of the total propagation loss.
The AWG transmission spectra are measured with a tunable laser and an optical spectrum analyzer (OSA). The tunable laser free space output beam is coupled through an isolator with an isolation >25 dB. It is then coupled into an anti-reflection (AR)-coated polarization maintaining (PM) fiber with an AR-coated aspheric lens, both with <0.5% reflection. The output facet of the PM fiber is connected to a three-axis piezocontrolled input coupling stage, which holds a compact setup with an AR-coated collimating lens, a linear polarizer with a 45 dB extinction ratio aligned with the on-chip TE polarization, and an AR-coated objective lens to focus the light to the AWG input facet. The collimating lens, the polarizer, and the objective lens are aligned to each other, and their collective position is controlled by one three-axis stage. The AWG chip is mounted on a fixed stage, and a lensed fiber is aligned to the output facet with another three-axis piezo-controlled stage, which is then connected to the OSA. The peak lasing wavelength is detected by the OSA as the laser wavelength is tuned, and a 0.3 nm span centered at the lasing wavelength is integrated for each data point in the AWG transmission spectra. Using the OSA instead of a photodiode reduces side-mode noise caused by the sidemode suppression ratio of the laser, which is measured to be 30 4 dB across the tuning range of 757-763 nm. Figure 5 shows the measured and theoretical transmission spectra of the AWG, which are in good agreement. Calculations for the theoretical transmission spectra include sources of phase error, as described in [22] Eq. (5), from the measured roughness and the mask address unit. The phase error is calculated from Eq. (A2) in [18] , where the shortest waveguide is 1.47 mm long and the length increment is 51.16 μm. The waveguide size error is modeled by a normal distribution with standard deviation from the AFM data. The length error is modeled by a pseudo-random distribution between 15 nm of length in the arrayed waveguides, corresponding to a phase error of π∕16 radians, similar to the calculation described in [13] .
The transmission spectrum of each channel is normalized to one of a straight waveguide with the same facet geometry. From the normalized transmission spectrum, the worst-case single channel crosstalk is 23 dB, and the center channel insertion loss is 0.1 dB at the peak of the fifth channel, shown in yellow. The nonuniformity is 1.7 dB, and the free spectral range is 6.9 nm. The fourth channel, shown in green, exhibits uniformly lower transmission, which is likely due to an undesired 
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Vol. 41, No. 8 / April 15 2016 / Optics Lettersparticle scattering light near the demultiplexed waveguide associated with that channel. The theoretical AWG transmission spectra use an adjusted modal refractive index, which deviates from the simulated value by 3.4%. These calculated transmission spectra predict an insertion loss of 0.83 dB and a nonuniformity of 1.04 dB. This insertion loss comes from side-order excitation of 0.59 dB, the limited aperture of arrayed waveguides contributing 0.09 dB loss, predicted propagation loss of 0.10 dB, and the phase error from the sidewall roughness and length error contributing 0.05 dB loss. The most probable reason for the discrepancy between measured and theoretical insertion loss is that the actual far-field profile from the arrayed waveguides is narrower than the simulated one due to perturbation from the adjacent waveguides. This would decrease the side-order excitation, resulting in lower insertion loss of the central channel, and increase the nonuniformity of the experimental results compared to the theoretical calculations.
In conclusion, an AWG centered at 760 nm is demonstrated with an insertion loss smaller than 0.5 dB for the best channel case and a crosstalk below 23 dB. This proves the feasibility of integrated spectral beam combiners at near-visible wavelengths. Low insertion loss is achieved by minimizing side-order grating excitation, interfacial scattering, material absorption, and multiple sources of phase errors in the AWG. Integrated technologies for sensing, WDM communication, and high brightness broadband sources at these wavelengths are now feasible. Furthermore, these same techniques can be applied to AWG design to achieve low loss, enabling beam combining technologies at other wavelengths.
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